We report on results of fifth harmonic generation in Cesium Lithium Borate (CLBO) using a three-crystal cascaded frequency conversion scheme designed to study the energy balance of the final sum frequency generation stage. The experimental setup independently combines the first and fourth harmonic of a Nd:Glass laser in a 5mm thick CLBO crystal. Energy balance between the incoming and output energy is close to unity when the CLBO is out of phase matching and approximately 80% when the crystal is in phase matching. A detailed analysis of the residual fundamental and fourth harmonic energy indicates 5 th harmonic light is being generated but only 26% is unaccounted for. We attribute the missing light to linear transmission loss in the CLBO oven. The ratio of the output to input energy is unity when the missing 5 th harmonic is incorporated into the calculations. Two-dimensional plane wave mixing simulations show agreement with the results at lower intensities.
Understanding Fifth-Harmonic Generation in CLBO
S
INTRODUCTION
The availability of Cesium Lithium Borate (CLBO) crystals in large apertures and higher quality has resulted in the demonstration of record conversion efficiency from fundamental (1ω) to 5 th harmonic (5ω) for a Neodymium doped solid state laser [1] . Previous experiments using larger crystals to generate 5 th harmonic had utilized Ammonium DiHydrogen Phosphate (ADP) [2] , however, these crystals require cooling to cryogenic temperatures and narrow temperature bandwidths to achieve Non-Critical Phase-Matching (NCPM), which presents a difficult engineering problem. Encouraged by the recent CLBO results, we are planning to field an Optical Thomson Scattering (OTS) [3] system on the National Ignition Facility (NIF) based on converting a Nd:Glass laser operating at 1053 nm to the 5 th harmonic to overcome the self-emission background of hohlraums driven using Megajoule 3 rd harmonic drive [4] . We envision utilizing an array of CLBO crystals to deliver a multi-joule 5 th harmonic capability for OTS, therefore understanding sum frequency generation process is critical for design considerations.
Frequency conversion from the fundamental to the 5 th harmonic is typically achieved using three sequential nonlinear conversion processes. The first stage frequency doubles the fundamental to generate the second harmonic (2ω). A second frequency doubler is then used to produce the fourth harmonic (4ω) which is mixed with some of the residual fundamental to produce the fifth harmonic. The crystals are typically arranged in a cascaded fashion to ensure proximity to an image relay plane along with spatial and temporal overlap. This can make diagnosis of the final stage difficult as all three crystals are nonlinearly coupled to each other. Alternatively, it is possible to separate the two doubling stages from the final sum frequency generation stage which allows better diagnostic access albeit with additional difficulties of maintaining spatio-temporal overlap. In this paper, we report on results of fifth harmonic generation in CLBO where the diagnosis of input and output beams allows for better understanding and reconciliation with simulations.
EXPERIMENTAL SETUP
The experiments described were performed at the Optical Sciences Laser (OSL) at Lawrence Livermore National Laboratory [5] . The front end of this Nd:Glass laser system was capable of delivering 1053 nm, 1.5 J, 1 ns pulses in a 12mm diameter beam. Fig. 1 shows the experimental setup in detail. A key advantage of this configuration is separate generation of the 1ω and 4ω which is mixed in the CLBO. This allows the residual 2ω and 1ω to be separated from the 4ω before the CLBO and the input energies to the crystal from either section can be measured accurately with explicit accounting for all losses in transmission. A waveplate-polarizer (WP1) combination is used to set the energy balance between the 1ω and 4ω arms. The optimum energy ratio at the mixing crystal of the 4ω and 1ω is 4:1 to generate 5ω photons. An additional waveplate-polarizer (WP2) combination on the 1ω section offers control of the 1ω energy independently. Figure 1 : Diagram of the experimental setup for the fifth harmonic generation experiment. A waveplate (WP1) is used to adjust the energy balance between the 1ω and 4ω sections. A second waveplate (WP2) offers independent control of 1ω energy without affecting 4ω energy. A type I 18mm KDP doubler (SHG) was used to generate the second harmonic. Fourth harmonic was generated using a 6mm type I KDP (4HG) crystal. The residual colors from the fourth harmonic generation process are removed using an array of 4ω high reflectors. Input energy is measured in both sections before the generated 4ω is mixed with the 1ω in a type I 5mm CLBO crystal to make fifth harmonic.
A quartz rotator is used after WP1 to generate vertical polarization for the Type 1 18mm KDP doubler (SHG). The horizontally polarized second harmonic is frequency doubled for a second time in Type 1 6mm KDP (4HG) to generate the fourth harmonic. The vertically polarized 4ω light is separated from the residual second harmonic and fundamental using three 4ω mirrors. Gentec QE12-LP-MB-S pyroelectric sensors are installed behind the input turning mirrors and cross calibrated to the incident 1053nm and 263nm energy on the CLBO. These detectors incorporate a grey body surface absorber which has a flat response from deep-UV (DUV) to far Infra-red. In addition, the manufacturer also incorporates wavelength dependent corrections for each individual detector in the readout process. A dichroic mirror is used to combine the vertically polarized fourth harmonic with the fundamental. The co-propagating first and fourth harmonic are mixed in a 5mm type I CLBO crystal to generate fifth harmonic. The CLBO crystal is mounted inside a sealed oven which uniformly heats it to 115º C. This is a critical requirement for keeping this very hygroscopic crystal dry and optimal for long term operations based on results reported previously [6] . The oven is sealed using MgF 2 windows which have been shown to minimize two photon absorption (TPA) of the generated fifth harmonic [7] . To eliminate two photon absorption in the prism, two high reflector mirrors are used to pick off the generated fifth harmonic light. The remainder of the colors pass through the prism. A 3º fused silica wedge is used to decrease the fourth and fifth harmonic energy to ~ 4.5% of incident. In combination with the input diagnostics, the output energies of all colors can be recorded on each shot to study energy balance. 
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The diagnostic setup (shown in fig. 2 ) consists of two dielectric mirrors which isolate the generated fifth harmonic from the 4ω and the 1ω. The residual light levels were experimentally determined to be negligible. An equilateral fused silica prism is then used to separate the residual colors onto individual Gentec QE12 calorimeters. This combination of reflective and dispersive separation avoids the transmission of 5 th harmonic light through the thick prism where TPA exacerbates the difficulties in determining the generated energy. Whilst TPA can also occur for fourth harmonic light inside the prism, the effect is small, and we can experimentally account and compensate for this by measuring transmission with the CLBO out of phase matching. Fused silica wedges with a 3º angle were required to select a small fraction of the deep UV beams on to the Gentec QE12 calorimeters. This was not required for 1ω light as a ground glass lambertian diffuser was used to sufficiently attenuate the beam. All the Gentec QE12 calorimeters were cross-calibrated to single large aperture Gentec QE95 calorimeter to eliminate detector specific calibration errors and ensure summed energies add up to unity. A larger aperture Gentec QE25 calorimeter was used to measure the energy of the fifth harmonic beam. A combination of input and output energy sensors allows energetics of all colors to be recorded simultaneously.
The transmission of the output diagnostic section was cross-calibrated individually for the first and fourth harmonic by detuning the phase matching angle on the CLBO so that no 5ω light was generated. For the fifth harmonic, we used known refractive indices to calculate Fresnel losses through the output face of the CLBO and the MgF 2 exit window. The measured reflectivity of the 5ω mirrors at P-polarisation was used to infer throughput and the refractive index of fused silica was used to calculate the reflected fraction off the 3º wedge on to the energy detector. The linear transmission of the oven assembly was measured independently at the 5 th harmonic to account for internal transmission of the optics. We note that TPA (5ω + 5ω and 5ω + 4ω) inside the CLBO is not accounted for via direct transmission and we expect this nonlinear loss mechanism to affect the energy balance between inputs and output.
The incoming energies of 1ω and 4ω were corrected to just inside the input surface of the CLBO while the energy of the output detectors was corrected to just before the exit surface so that the energy balance inside the crystal is calculated. We define the measured energy balance (Eb m ) as the ratio of the output energy to the input energies as per below
where each term corresponds to the energy at the respective wavelength and the subscripts define incoming and outgoing energy. Whilst conservation of energy requires Eq. 1 to be unity, this may not be necessarily true experimentally due to calibration errors in detectors, transmission or nonlinear loss mechanisms. In addition to directly measuring the energy balance as per above, we can also utilize the fact that each 5ω photon is made using one 4ω and one 1ω photon to infer the number of 5ω photons produced (and consequently energy) from the change in 1ω and 4ω energies through the system above. The respective energy balances Eb 1ω and Eb 4ω are defined as per below
The above set of equations allow two independent ways to ascertain 5ω energy during the nonlinear mixing process. We assume that the losses and transmission defined out of phase matching hold true when 5ω is generated. We expect this to be completely valid for the fundamental but the fourth harmonic can contribute towards TPA in the CLBO. One key advantage of inferring the 5ω using Eq. 2 and 3 is that all loss mechanisms which uniquely affect DUV light such as TPA are included as every 5ω photon generated and consequently lost or unaccounted reduces the transmitted energy of the input colors. In addition to the energy balances above, we can also define the measured ratio of the changes in 4ω energy to the changes in 1ω energy (E r ) as below.
If fifth harmonic generation is the dominant mixing process affecting energies of the fundamental and fourth harmonic, then we expect the ratio above to be 4.
RESULTS
Frequency conversion experiments were performed at increasing values of 1ω input energy to measure the system response at increasing light intensities. The incoming 1ω energy is split in a 92:8 ratio between the 4ω and 1ω arms. This configuration was experimentally deemed to produce the maximum amount of 5ω after accounting for transport losses in the recombining section. Simultaneous single-shot energy measurements were used to generate energy balance curves (defined as per Eq. 1-3) as a function of the combined input energy of 1ω and 4ω. Error bars are calculated at each point based on uncertainty in the energy. Figure 3 shows the energy balance curves measured for increasing input energies. With the 5 th harmonic stage out of phase matching, we note that the energy balance of the transmitted 1ω and 4ω is close to unity and flat with increasing energy. This is consistent with negligible nonlinear absorption of the fourth harmonic through the CLBO, prism and 5ω mirrors and indicates that a linear description of optical transmission is sufficient for measuring used up fractions of 1ω and 4ω. With the CLBO at the optimized phase matching angle, there is a large drop in total energy balance (Eb m ), with approximately 80% of energy accounted for at the output. The energy balance is near flat across the energy range. It is very informative that using the inferred amount of generated 5 th harmonic energy (Eb 1ω and Eb 4ω ) in the energy balance equation gives a near perfect energy balance across the measured energy range within the error bars. This is not entirely surprising as the only phase matched process at the available wavelengths for CLBO cut at 70.4º is 5 th harmonic generation and no other known processes can deplete the fundamental and fourth harmonic. Eb m 1ω + 4ω
Eb 1ω Eb 4ω Figure 4 shows the ratio of used 4ω energy to 1ω energy as defined in Eq. 4. We expect this to be 4 if the missing 4ω and 1ω has been used up to make 5ω as is indicated by the results in fig. 3 . The results indicate that on average the ratio is 4.5 which is consistent with 5ω generation. The larger error bars at lower energy are attributed to lower Signal to Noise Ratio (SNR). We conclude based on the results shown in figures 3 and 4 that the missing energy in the measured energy balance is 5ω. We also note that no other process can explain the missing 1ω and 4ω in the correct ratio to make 5ω. This apparent missing 5ω energy is visualized in figure 5 where the ratio of the measured to inferred 5ω energy, R m , is plotted. missing. There is a small deviation from the average value at the highest energy consistent with nonlinear absorption.
A linear fit to the data is used to estimate that on average, 26% of the 5ω energy is missing. The small deviation from the average at higher intensity levels is attributed to nonlinear absorption.
To aid comparison with simulations, the fifth harmonic output was measured as function of the fundamental ( fig. 6 ) whilst keeping the fourth harmonic energy constant (0.216 GW/cm 2 ). This is easily realized by adjusting WP2 as shown in figure 1 . The expected 5ω intensity was calculated using residual 1ω and 4ω techniques as per equations 1 -3. The plane wave mixing simulations incorporated a D eff value of 0.87 pm/V along with a measured CLBO 5ω + 5ω TPA coefficient of 1 cm/GW. A perfect spatial profile and phase matching detuning of 50 μrad was also assumed. Figure 6 : 5ω intensity as a function of 1ω intensity to the CLBO at a constant 4ω intensity of 0.216 GW/cm 2 . The inferred points are calculated from changes in 1ω and 4ω energy through the crystal. The plane wave mixing simulation shows good agreement with the inferred amount of 5ω intensity generated at the crystal despite using idealized parameters.
The predictions agree better with the inferred values of 5ω intensity inside the crystal but there is a factor of two difference from the measured values. Reconciling such differences was a key motivation for the configuration used in this setup. The results indicate that the simulations are closer to the value of 5ω produced than is apparent just from measurements. The linear difference between the measured and inferred values highlights the difficulties in performing accurate calorimetry in the DUV, although we do not attribute all the missing energy to a wavelength dependent calibration offset in the Gentec calorimeter. We are building DUV compatible volume absorbing calorimeters to compare values against surface absorbing pyroelectrics. The sealed volume of air inside the oven assembly is difficult to monitor during long experimental campaigns and we hypothesize that ozone gas build-up may contribute to the observed absorption loss [8] . Such transient sources of linear loss such are not accounted in the experimental calibration and continuous purging with a heated inert gas is planned for the future. The deviation from the simulation at higher 1ω intensities could be due to increased nonlinear absorption caused by water ingress into the crystal which has been shown to significantly affect DUV transmission on a linear scale [9, 10] . Additional experiments are planned to investigate the dependence TPA on water absorption by CLBO.
CONCLUSION
An experimental investigation was performed to study in detail the energy balance of fifth harmonic generation inside a CLBO crystal. A setup consisting of independent 1ω and 4ω inputs to a sum frequency generation crystal was deployed Inferred from 4ω Simulation to measure energies of the input and output colors on a single shot. Energy balance was directly measured and also inferred from changes to the input 1ω and 4ω. The measurements indicate that approximately 26% of the inferred 5ω energy is missing despite detailed calibration. Plane wave mixing simulations show agreement with inferred 5ω values at lower intensities.
